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Abstract 

We present an alternative to the Copenhagen interpretation of the formalism of 
nonrelativistic quantum mechanics. The basic difference is that the new inter- 
pretation is formulated in the language of epistemological realism. It involves a 
change in some basic physical concepts. Elementary particles are considered as 
extended objects and nonlocal effects are included. The role of the new concepts 
in the problems of measurement and of the Einstein-Podolsky-Rosen correlations 
is described. Experiments to distinguish the proposed interpretation from the 
Copenhagen one are pointed out. 
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1 Introduction 

Any physical theory consists of a mathematical formalism, that is, a set of mathe- 
matical symbols and the rules for connecting these among themselves, and a set of 
interpretation rules which connect the elements of the formalism with the elements 
of our sensuous experience. In quantum mechanics the usual interpretation rules 
are those of the Copenhagen interpretation. This interpretation has the peculiar 
feature that it rejects the language of epistemological realism because it maintains 
that there are properties that cannot be attributed to the objects when they are not 
observed but come into existence only by the act of observation or measurement. 
The rejection of realism was the main point in Einstein's criticism of the Copenhagen 
quantum mechanics. Nowadays there is a large and growing number of physicists 
who feel the need for a realistic formulation (Bell [1973]; Rayski [1973]; Bunge and 
Kalnay [1975]; Levy-Leblond [1976]; Bunge [1977]; Roberts [1978]; Maxwell [1982]; 
Burgos [1984]; Popper [1985]; Stapp [1985]; Rohrlich [1987]; Bohm el al. [1987]; and 
many others). 

In this paper I want to report on such a formulation. The interpretation rules 
of the Copenhagen interpretation are replaced by rules that are formulated in the 
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language of epistemological realism. What is interpreted is the same as what is 
interpreted by the Copenhagen school, namely the standard formalism of nonrel- 
ativistic quantum mechanics. Realism, as it is meant here, is the view that the 
laws of nature can be formulated such as if there existed physical objects and their 
properties independent of whether we observe them or not. Such a realism is not a 
matter to be proved or disproved. It is the manner of speaking that we adopt in the 
normal (not philosophical) use of our language (Wittgenstein [1953]). 

The main result of the present work is the demonstration that a realistic inter- 
pretation is possible, in contradiction to what is asserted by Copenhagen school. 
Other interpretations in terms of realism might perhaps also be possible, differing 
from the present one in the details of the elaboration, though to my knowledge 
there is none that has been elaborated to a comparable extent. A full account will 
be given elsewhere (Jabs [1996]). It is my opinion that the solution of the math- 
ematical difficulties (divergences and their renormalization, e.g.), which arise with 
the attempt to unify quantum mechanics and relativity, will emerge only from a 
solution of the conceptual difficulties. Therefore, though in this paper we restrict 
ourselves to a reinterpretation of the nonrelativistic formalism, we hope that the con- 
cepts and ideas developed to this aim will prove fruitful in the relativistic domain 
as well. At least we do not know of any argument that would point to the contrary. 
Though we shall here argue with the help of the nonrelativistic Schrodinger equation 
this is only for convenience of presentation. We might as well have used the Dirac, 
Klein-Gordon, etc. equation, and use a Lorentz spinor, vector, etc. instead of the 
Schrodinger scalar ip. The function tp(x,t) here actually may stand for any field in 
special or general theory of relativity. 

The properties which we shall attribute to the objects even when not observed are 
different from the conventional ones and at first sight might appear rather strange. 
This is the price one has to pay. It is not to be expected that the difficulties of 
the Copenhagen interpretation which have puzzled generations of scholars could 
be overcome by some cheap trick. On the other hand, once the new concepts are 
accepted a coherent picture emerges. Quantum mechanics is formulated in the same 
language as classical mechanics and any other physical theory, and the power that 
lies in the realistic language is available for quantum mechanics too. 

After stating our postulates in Sections 2 and 3, we shall describe how they 
contribute in solving the problem of measurement in Section 4, and how they account 
for the Einstein-Podolsky-Rosen problem in Section 5. Some crucial experiments 
where the realistic and the Copenhagen quantum mechanics predict different results 
will be described in Section 6. 

2 Postulates: single particles 

We shall not attempt a complete axiomatization but only list the most salient fea- 
tures of our interpretation that are different from those of the Copenhagen inter- 
pretation. A fuller explanation with the proper motivations will be given elsewhere 
(Jabs [1996]). 
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(1) The function tp(x,t) (in the Schrodinger picture, say) is not a probability 
amplitude but an objective physical field, comparable to the electromagnetic field 
Ffu/ix, i). 

(2) Any particular normalized ip function, such that in the Copenhagen inter- 
pretation is the probability amplitude of the observed behaviour of an elementary 
particle, in our interpretation is the individual elementary particle itself. An elemen- 
tary particle is defined as a particle listed in the Particle Properties Tables (Wohl 
et al. [1984]). This implies that the tp function (i) is not merely a calculational 
device for calculating the probabilities of specified outcomes of observations, as in 
the Copenhagen interpretation, (ii) that ip does not merely describe 'knowledge' 
(Heisenberg [1958]), (iii) that it does not describe an ensemble of particles, as in 
the statistical interpretation (Ballentine [1970]), and (iv) that it does not describe 
nuclei, atoms, molecules, etc., nor quarks. 

There is thus no wave-particle duality, and quantum mechanics becomes a field 
theory. The particle is an extended object, of size Ax = ( (x — (x)) 2 } 1 / 2 , say. A 
single sharp position is thus not among the properties of an elementary particle. The 
idea that elementary particles are extended objects has repeatedly appeared in the 
literature. However, the size has been considered to be fixed, for example equal to 
the Compton wavelength Ti/mc or to the classical (electron) radius e 2 /mc 2 . In the 
new interpretation the size is not fixed but varies in time according to the variation 
of ip(x,t). For each kind of particle a specific type of a field is conceived: there is 
an electron field, a proton field, a photon field, etc., as it is familiar from quantum 
field theory. 

An elementary particle thus described is called a wavepacket or, more specifically, 
an elementary wavepacket. Another object which is also a wavepacket (a coalesced 
wavepacket) is the system of similar elementary particles that have coalesced (point 
(5) below). Wavepackets are the basic objects in our interpretation. The term 
wavepacket does, however, in no way mean a restriction to a linear superposition of 
plane waves, and even when it is mathematically expressed as such it does not mean 
that plane waves were physical constituents of the particles. It just means a special 
region of nonvanishing field. 

This concept has much in common with Schrbdinger's early wavepacket picture 
(Schrodinger [1926], [1928]). The wavepackets here are, however, endowed with addi- 
tional properties, not encountered in ordinary quantum mechanics. The wavepacket 
idea may clash with some of our favoured ideas on what an elementary particle is, 
but the decisive counter-argument could only be a clash with observed facts. We 
have not detected any such clash. 

(3) As the elementary particle is an extended object we can no longer speak 
of the position of the particle, and the expression \ip(x,t)\ d 3 x can no longer be 
the probability of observing, at time t, the position within d 3 x about a;, as in the 
Copenhagen interpretation. In our interpretation |-z/^(a5, £) | 2 d 3 x is not defined as a 
probability. It is, in certain circumstances, only numerically equal to a probability, 
but to one that is different from the Copenhagen position probability, and may be 
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called an action probability. It is the probability that the wavepacket ip(x,t) induces 
an effect (observed or not) within the volume d 3 x about x and during a small but 
otherwise arbitrary time interval At about t. 

This interpretation of |V>| 2 d 3 x can be justified by a calculation that is based on 
the transition-probability formulas of the standard formalism (Jabs [1996]). In these 
formulas the probability refers only to the occurrence of the transition, not to the 
nature of the thing that makes the transition. And the circumstances in which this 
interpretation turns out to be possible include those where the physical environment 
of the wavepacket, in the language of conventional quantum mechanics, allows the 
position of the object to be directly measured. Examples are bubble chambers and 
photographic emulsions. The value of the time interval At does not appear explicitly 
because the environment is meant to be homogeneous, time-independent, and such 
that the wavepacket with certainty induces an effect anywhere in it during At. Of 
course, At must be short enough so that \t/j\ 2 can be considered constant in it. If 
the actual environment meets the requirements only partly the raw data must be 
corrected for this, and |Y>| 2 d 3 x refers to the corrected data. 

The wavepacket is thus like a cloud moving along while triggering thunder and 
lightening here and there. One might imagine that small fluctuations in the envi- 
ronment determine the actual place of the thunder and lightening, but this is not 
the question we are concerned with. 

The effect induced by the wavepacket need not be observed. In realism, if an 
effect occurs, it occurs independently of our observing it. And it may be any effect. 
It is only when we want to refer to the same physical situation as the Copenhagen 
interpretation that it must be a special observable effect, observable according to the 
criteria of the Copenhagen interpretation. A stable macroscopic record of the effect 
is required, but how to achieve this is not a specific problem of quantum mechanics 
and does not concern us here. 

The postulate of normalization of each wavepacket, / |V'| 2 d 3 x = 1, does no longer 
mean that the probability of the entire sample space is unity; rather it means the 
postulate that each wavepacket of a certain kind represents the same amount of 
some conserved quantity, the nature of which is left open (cf . point (6) below) . 

The interpretation in the case of quantities other than position is analogous. 
As we may say that the expression \if)(x, t)| 2 d 3 x gives the probability that the 
wavepacket induces an effect at x ('in d 3 x about a;'), or acts at x in position space, 
we may say that if the wavepacket in some l A' space is <j>(a), the expression |^(a)| 2 da 
gives the probability that the wavepacket acts at o in A space. This also applies 
to discrete eigenvalues where 'at a' then means 'at the point a' rather than 'in da 
about a'. 

Thus neither a single, sharp position in ordinary space nor one in momentum 
space is a property of an elementary particle; only the ranges Ax and Ap x are. 
The Heisenberg relations AxAp x > fr/2, and the analogous relations between the 
ranges of other quantities, then express a relation between properties of wavepackets. 
They have nothing to do with any measurement. The importance of the Heisenberg 
relations stems from the importance of the wavepacket nature of the elementary 
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particle. In this view the Heisenberg relations or, equivalently, the canonical com- 
mutation relations [X, P x \ = ih are not basic structural features of the formalism 
and the procedure of canonical field quantization, namely to impose these relations 
on field quantities, loses its strongest support. 

(4) A wavepacket has no internal structure. The wavepacket is an elementary 
region of space and must not be subdivided into smaller parts. 

This internal structurelessness implies that the wavepacket in a sense behaves 
like a rigid body of Newtonian mechanics: imagine a large cigar-shaped wavepacket 
which interacts with another, small wavepacket at one end. The large (as well as 
the small) wavepacket is modified by this interaction, but the modification must not 
be imagined as starting from the one end and gradually expanding over the whole 
packet; rather the packet is simultaneously (in some Lorentz system) modified as 
a whole. The modification as such need not occur instantaneously but may take 
some time. In a second interaction with another small packet at the other end the 
large packet is already modified (at least to some extent) and the characteristics of 
the second interaction are thus influenced by the first. The time between the two 
interactions may be shorter than the time for a light signal to travel from one end to 
the other, so that the two correlated interactions occur with a spacelike separation 
in spacetime. 

It thus appears as if a signal had propagated inside the wavepacket with super- 
luminal velocity. Dirac [1938] had already conceived such a possibility. He supposed 
the electron (though not its charge) to have a finite size, of the order of the classical 
electron radius e 2 /mc 2 , and he wrote: 

it is possible for a signal to be transmitted faster than light through the 
interior of an electron. The finite size of the electron now reappears in a 
new sense, the interior of the electron being a region of failure, not of the 
field equations of electromagnetic theory, but of some of the elementary 
properties of space-time. 

In fact I would consider the transmission of effects inside the wavepacket as 
occurring not only with superluminal but with infinite velocity. However, I would 
propose a different viewpoint: it is not that the velocity is infinite, rather that there 
is no distance to travel, as there are no points to be distinguished inside the packet. 
And as there are no parts of a wavepacket there can be no interaction between 
them. Our interpretation thus is in line with the old conjecture (Lorentz [1909]; 
Feynman [1966]; Rohrlich [1973]) that there is no self-interaction, neither Coulomb 
nor radiative, nor of any other kind, between spatial parts of one and the same 
particle. We note, however, that this does not exclude the existence of recoil effects 
of the emitted radiation on the emitting wavepacket as a whole, as it is considered 
by Barut and collaborators in their approach to quantum electrodynamics without 
canonical quantization (Barut [1988b]; Barut and Dowling [1989]; and literature 
quoted there). 

In an interaction of the wavepacket with another one the whole of its charge, 
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magnetic moment, etc. is involved. This accounts for the point-like behaviour of the 
wavepacket in the interaction. The Copenhagen school interprets this by assuming 
that besides the wave function there is a particle, a point particle, and this point 
carries all the quantities with it. This avoids the internal structurelessness but only 
at the price of the 'wave-particle duality' problem. 

On the other hand, there are quantities like momentum or energy (of a free 
wavepacket) which have no single fixed value, and the wavepacket may act with dif- 
ferent (though not quite sharp) values of them in different interactions. Nevertheless, 
in no case does this mean that only a spatial part of the packet were involved in the 
interaction. In point (6) below we shall extend this in that a coalesced wavepacket 
may act with a rational fraction of some of its quantities. 

The absence of structure comes into play only when the point-like intrinsic fea- 
tures of the interaction as such are considered, not when the probability of its oc- 
currence is calculated. In this calculation the full i[)(x,t) is used, defined for every 
point in the wavepacket. The wavepacket in a sense appears structured when seen 
from outside but unstructured when seen from inside. This is why I speak of internal 
structurelessness and not just of structurelessness. I see no other way to cope with 
the observed reality than first to introduce ip(x,t) for all values of x and t and then to 
restrict the meaning of x and t inside the wavepacket through additional postulates. 
In any case some postulate of this kind is inevitable if one wants to deal with objects 
that are extended but that are also fundamental and indivisible. The internal struc- 
turelessness might appear a most peculiar feature of the proposed interpretation. 
On the other hand, there are quite peculiar features of physical reality, for example 
those revealed in the Einstein-Podolsky- Rosen experiments (Section 5), and we shall 
see that internal structurelessness can give them a consistent interpretation. 

3 Postulates: systems of particles 

Systems of identical (which we call similar) and systems of non-identical (dissimilar) 
particles are fundamentally different because in our interpretation similar particles 
can coalesce and form one single wavepacket but dissimilar particles cannot. 

(5) In quantum mechanics systems of similar particles are described by sym- 
metrized wave functions in configuration space V^saOeI) X2, ■ ■ ■ , xjy, t), that is, ^sa 
must be either symmetric or antisymmetric under any permutation of the particle 
labels Xi, which here are to include the spin labels. This expresses the fact that 
for the observer the particles are indistinguishable and lose their individuality. In 
our interpretation this loss of individuality is conceived to be an objective physical 
process: the original similar wavepackets coalesce and form one single wavepacket. 
Think of two water drops that coalesce into one. The coalesced wavepacket is a 
wavepacket in the sense of our interpretation, in particular with the property of in- 
ternal structurelessness, and it may again coalesce with other packets. A necessary 
condition for coalescence to set in is that the wavepackets overlap, that is, 



ip 1 (x,t)ip 2 {x,t)...ip N (x,t) / 0. 
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Thus, symmetrization is essentially a recipe for mathematically coping with the 
physical process of coalescence; and though the coalesced wavepacket is described 
mathematically in multidimensional configuration space by means of the function 
^SA, physically it is to be conceived as an object in ordinary (3 + l)-dimensional 
space. Also, we note that the symmetrized wave function ^sa, does not in any case 
mean a coalesced packet. Consider a system of two electrons, one on the earth and 
the other on the moon, which have never overlapped and therefore cannot form a 
coalesced wavepacket. Yet, according to the general symmetrization postulate in 
standard quantum mechanics, the system has to be described by an antisymmetric 
wave function. On the other hand, in this case, as in all cases without overlap, 
symmetrization is innocuous because it does not lead to any effect that could not 
already be obtained without symmetrization (Pauli [1933]; Messiah [1961]). 

There is coalescence both between similar Bose packets and between similar 
Fermi packets. The difference is that Bose packets can condense, but Fermi pack- 
ets cannot. Condensation is the special case of coalescence where the coalesced 
wavepacket is describable by a wave function of the special product form (f)(xi,t) 
<j)(x2,t) . . . (f)(xN,t), with the same <j> in all factors. This is another formulation of 
the Pauli exclusion principle. 

(6) Any wavepacket represents an integer number of quanta. When N similar 
wavepackets, which each represent one quantum, coalesce the coalesced packet rep- 
resents N quanta. In somewhat pictorial language one may say that a wavepacket 
contains an integer number of quanta, but not in the sense of a bag that contains 
balls but of a bag that contains water in integer multiples of some standard portion. 
The nature of the quanta is left open. 

In extension of postulate (4), which referred to an elementary (one-quantum) 
wavepacket, an iV-quantum coalesced wavepacket may act with any number (> 1) 
of its quanta in an interaction with another packet. Considering the quantization of 
charge, spin, etc. as special manifestations of the existence of quanta, we conceive 
that a coalesced packet may act with a fraction of its charge, etc., where, however, 
that fraction corresponds to an integer multiple of the elementary charge, etc. For 
example, a coalesced packet of two elementary proton packets has the charge 2e, but 
it may act with the charge le only. 

This postulate distinguishes our interpretation from the neoclassical radiation 
theory of Jaynes and co-workers (Jaynes [1973]; Mandel [1976]) who try to get along 
without canonical quantization of the radiation field and without any substitute 
for it. In this neoclassical theory an electromagnetic pulse (wavepacket) that con- 
tains only one photon (quantum) can trigger two counters simultaneously, which is 
contrary to observation (Clauser [1974]; Grangier et al. [1986]). According to our 
postulate a photon wavepacket that represents only one quantum can act only once, 
that is, in one counter only. In this respect the postulate resembles Einstein's way 
of explaining the photolectric effect. On the other hand, a wavepacket that contains 
N photons in our interpretation may undergo up to N interactions simultaneously 
(Hanbury Brown and Twiss effect, nonlinear optics). 
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(7) In addition to coalescence there is the inverse process of splitting of a coa- 
lesced wavepacket into several distinct packets, induced by some kind of interaction 
with another wavepacket around. When a coalesced iV-quantum packet splits, the 
sum of all quanta represented by the final packets is also N. In other words, the 
number of quanta is conserved in coalescence and splitting. 

The postulates on condensation (5), integer number of quanta (6) and splitting 
(7) easily yield the Bose- and Fermi distributions by means of Einstein's method of 
balance relations (Jabs [1996]). 

(8) Now we consider dissimilar particles. In the Copenhagen interpretation, 
where the wave function is the mathematical description, not of a physical object, 
but merely of the observed behaviour of a physical object, it does not appear to make 
much difference whether the object concerned is an electron, an atom, a macroscopic 
body, the universe, or even a fictitious point like the centre of mass. This is quite dif- 
ferent in our interpretation where the wave function is the mathematical description 
or representation of the individual physical object itself. And the physical object 
that is so represented is only a wavepacket, that is, an elementary particle (math- 
ematically represented by ip), or a system of similar coalesced elementary particles 
(mathematically represented by ^sa)- 

A system of dissimilar elementary particles like an atom, a macroscopic body, 
or the universe, is not a wavepacket but an aggregate of wavepackets. Generally, 
an aggregate is a set of distinct wavepackets, which may or may not dynamically 
interact with one another. The hydrogen atom, for example, is an aggregate of 
a proton wavepacket and an electron wavepacket. A system of two electrons, on 
the other hand, may be a wavepacket or an aggregate, depending on whether the 
two electron wavepackets have coalesced or not. In our conception of an aggregate 
we essentially replace the Newtonian mass points of the classical description by 
wavepackets. If all wavepackets of an aggregate were mathematically specified at 
all times the description would be complete; much as the classical description is 
complete if the positions and momenta of all the mass points are specified. 

The collapse or reduction process (Section 4) does not apply to aggregrates, only 
to wavepackets. There is thus no reduction of the aggregate as a whole, only the 
individual constituent wavepackets may be reduced. This avoids the problem of 
Schrodinger's cat (Jabs [1996]). 

The non-symmetrized configuration-space wave function ^(a^i, X2, ■ ■ ■ , £Cjv, t) in 
our interpretation is merely a convenient calculational device that serves to compute 
some properties of aggregates, comparable, for example, to the partition function 
in statistical mechanics. This does not keep us from maintaining a realistic inter- 
pretation even in this situation: in analogy to point (3) above, the wavepackets of 
the aggregate have their properties even when not observed, and the mathematical 
expression |*(xi, X2, • • • , xn, t)| 2 d 3 xid 3 a;2 • • • d 3 XAr, for example, is interpreted as 
the probability that wavepacket 1 induces an effect at x\ and wavepacket 2 at a?2, 
and so on. 

It would be reassuring if the concept of an aggregate as an assembly of wavepack- 
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ets could be substantiated by a mathematical description in terms of ordinary 
(3 + l)-dimensional wave functions, one for each wavepacket, without the use of 
any configuration-space wave function. In fact there exist two such descriptions: in 
canonical quantum field theory and in Feynman's space-time approach to quantum 
electrodynamics. However, use is there made of the procedure of canonical quan- 
tization, or equivalent procedures, which are rejected in our interpretation (point 
(3)). In standard nonrelativistic quantum mechanics an ordinary-space description 
of aggregates does not exist. This was the most serious objection to Schrodinger's 
original wavepacket picture. It can, however, not be mended without changing the 
formalism, and this is beyond the intended scope of the present work. In view of 
the fact that there exist already two ordinary-space descriptions, though unaccept- 
able because of other features, it does not appear unreasonable to suppose that a 
satisfactory extension of the formalism will be possible. In particular I would like 
to point out to the work of Barut and collaborators in this direction (Barut [1988a, 
b, c]; Barut and Dowling [1989]; and literature cited there). 

This concludes the outline of the basic features. We will now discuss their role 
in the measurement and in the Einstein-Podolsky-Rosen problem. 

4 The measurement problem 

In the Copenhagen interpretation there are quantities that come into existence only 
in the act of measurement, and it is only immediately after the (appropriate) mea- 
surement that the quantity is said to have a definite value, namely the measured 
one. 

In a realist interpretation a measurement measures what already exists. This 
implies that some operations which in the Copenhagen interpretation are called 
measurements in this interpretation are not. Two examples, one for continuous and 
one for discrete eigenvalues, may explain the general features. 

What already exists in the case of an electron that goes perpendicularly through 
a thin layer of photographic emulsion is the electron's wave function, or its width, for 
example. This width can be measured, but it is essential that we have an ensemble 
of equal electrons. We may let them pass through the emulsion layer, one after the 
other, and the distribution of the spots produced in the layer then images the width 
of the incoming electron wavepacket. What the electron wavepacket does after it has 
produced the spot is irrelevant for the concept of measurement in our interpretation. 

What already exists in the case of the atomic electron that enters a Stern-Gerlach 
apparatus is the direction of the electron's spin, in the sense that the incoming elec- 
tron wavepacket is an eigenpacket of the spin-component operator with respect to 
some direction. This direction can be measured if we have an ensemble of electrons, 
all with the same spin direction, and let them pass through the Stern-Gerlach ap- 
paratus. In this physical situation the incoming wavepackets are forced to become 
eigenpackets of the spin-component operator with respect to the spin-reference axis 
of the apparatus. By observing the abundance ratios of up and down deflections for 
various orientations of the apparatus axis, the spin direction of the incoming elec- 
tron can be calculated according to the standard formulas of quantum mechanics 
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for spin- \ particles. 

The most important point of the measurement problem is this. According to 
the Copenhagen quantum mechanics a wave function may vary in time in two ways: 
sometimes deterministically, as determined by the Schrodinger equation, and at 
other times with a random element in its behaviour, in the collapse or reduction 
process in a measurement. The problem is: what feature of the measurement makes 
the measurement interaction so different from the other one? 

In a realistic interpretation the reduction process is an objective physical pro- 
cess, independent of whether we observe it or not. And it does not contradict any 
experimental fact to assume that it is not instantaneous but takes a small time 
interval. Nor is the process, in our interpretation, restricted to situations which 
in the Copenhagen interpretation are called measurements. The problem is thus 
no longer a 'measurement problem', but it remains a problem, and a serious one. 
It only assumes a different form: what feature of the physical environment makes 
the reduction process, rather than the deterministic evolution, occur? It is now 
the problem of how physically (and then mathematically) to characterise the reduc- 
tion process in terms of current densities, field strengths, energy thresholds, etc. It 
clearly requires another extension of the current formalism. In any case, in a realis- 
tic interpretation the problem is made amenable to the methods of theoretical and 
experimental physics, rather than only to those of philosophy or psychology. See, for 
example, the experiments proposed or performed by Bussey [1984], [1986], [1987a]; 
Badurek et al. [1986]; and Summhammer et al. [1987]. 

5 The Einstein-Podolsky-Rosen problem 

The essential features of the Einstein-Podolsky-Rosen (EPR) problem (Einstein et 
al.[1935]; Bohm [1951]) may be described in the following way: two protons, 1 and 
2, which have interacted in the past form a system of zero total spin and fly apart 
with equal velocities in opposite directions. Proton 1 then enters a Stern- Gerlach- 
type apparatus A, and proton 2 another apparatus B. Each proton in its respective 
apparatus turns into a pure spin-up or a pure spin-down proton with respect to 
the axis of its apparatus. Let us assume that the distance between the place of 
interaction and the apparatus A is shorter than that between and apparatus B, so 
that proton 1 enters apparatus A before proton 2 enters B; and let us assume that 
proton 1 in A turns into a spin-up proton with respect to the axis of A. Then, at 
the same instant proton 2 turns into a spin-down proton with respect to the axis 
of A although the distance between proton 2 and apparatus A may be arbitrarily 
large. Since the axis of A can be adjusted immediately before the arrival of proton 
1 there is some kind of simultaneous action-at-a-distance. In speaking of separated 
protons with each having its own definite spin axis, one is using a language which 
has to be used warily. If one insists on a description purely in terms of outcomes 
of experiments it is not so easy to see that an action-at-a-distance or nonlocality is 
involved. According to quantum mechanics the joint probability that apparatus A 
obtains an rA-proton (r^ = +1: spin up, r\ = — 1: spin down) and apparatus B an 
re-proton is Pi(rA, ?"B|Cab) = |(1 — f\ATB cos Cab); where £ a b is the angle between the 
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axes of the two apparatuses. Only the fact that this formula implies correlations that 
can violate the Bell inequality reveals its nonlocal character (Bell [1981]). Though 
this nonlocality cannot be employed for sending superluminal messages (Jordan 
[1983]; Bussey [1987b]; and literature cited there) the situation remains striking 
enough. Yet the experiments which have been devised and carried out in order 
to test this particular prediction of quantum mechanics have, within their limits, 
confirmed it (Lamehi-Rachti and Mittig [1976]; Clauser and Shimony [1978]; Aspect 
and Grangier [1985]; Perrie et al. [1985]; Rarity and Tapster [1990]; and literature 
cited there). 

In the proposed interpretation the mechanism for inducing the above EPR cor- 
relations is coalescence of similar wavepackets and internal structurelessness: when 
the two proton wavepackets come together they coalesce. The coalesced packet then 
spreads out towards the apparatuses A and B. When it reaches apparatus A it inter- 
acts with this apparatus, so that the packet first is modified simultaneously over its 
whole extension and then splits into two independent packets which have their spin 
components correlated according to the formulas of quantum mechanics for similar 
particles. 

There is thus, in this interpretation, no 'telepathy' between different objects but 
only within one and the same object. This is a weaker form of 'telepathy' than 
in Copenhagen quantum mechanics. In Copenhagen quantum mechanics the two 
particles are interrelated until a reduction occurs. The reduction occurs only in an 
observation. The observation is at the observer's disposal, and he or she may perform 
it an arbitrarily long time after the interaction, when the particles are separated 
from each other by an arbitrarily large distance. In our interpretation the range of 
the nonlocality is limited by the extension of the coalesced wavepacket, and this, in 
realism, is an objective physical criterion. Moreover, there are the objective processes 
of splitting and of reduction, induced by other wavepackets in the surroundings of 
the considered wavepacket, and due to these processes the wavepacket may have 
only little chance to spread out over a very large region. 

Whether a wavepacket, coalesced or elementary, in order to maintain internal 
structurelessness must be spatially connected (simply or not) or whether it may 
consist of non-overlapping parts is another question. Of course, it would be nice if it 
could always be considered as connected. The question can, in principle, be answered 
by experiments on EPR correlations and reduction processes, but in practice it is 
not so simple because at the present stage it is not clear when exactly two parts are 
to be considered separated, It happens that most wave functions mathematically 
extend to infinity so that there would always be nonzero overlap. Moreover, the 
degree of separation between two parts may be judged by comparing their mutual 
distance with the widths of the parts themselves, but the exact definition of these 
widths is arbitrary to a considerable degree. With some reasonable assumptions on 
these widths a closer examination of the existing EPR experiments seems to indicate 
that the coalesced packets involved might still be connected (Jabs [1996]). On the 
other hand, elementary wavepackets in a Stern-Gerlach magnet or in a neutron 
interferometer (Summhammer et al. [1987]) seem to develop into really separated 
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parts. Therefore we think that we must be prepared to accept that wavepackets can 
consist of disconnected parts, and that this applies to elementary and to coalesced 
packets, the two being of the same nature. 

6 Crucial experiments 

The experiments we consider here are concerned with the concepts of coalescence, 
internal structurelessness and splitting. 

(a) The first experiment is a variant of an already performed one. It is concerned 
with EPR correlations, as described in Section 5. These correlations have only 
been observed between similar particles, namely with pairs of photons and with 
pairs of protons. In these cases we predict the same results as the Copenhagen 
interpretation. However, since in our interpretation the EPR correlations are a 
consequence of coalescence and internal structurelessness of the coalesced wavepacket 
and since coalescence occurs only between similar wavepackets, we predict that EPR 
correlations will not occur between dissimilar ('non-identical') particles. Thus, if the 
proton-proton scattering experiment described in the preceding section, which has 
been carried out by Lamehi-Rachti and Mittig [1976], were to be repeated with the 
incoming proton replaced by a neutron or a positron, we predict no longer the EPR 
correlations implied by the formula Pi of Section 5. We conjecture that only the 
weaker correlations, implied by the formula /^(jA, ^BlCab) = |(1 — j^a^b cos Cah), 
would be observed. P2 follows from the assumption that after the interaction the two 
spin-^ particles have their spins in opposite directions but are completely separated 
from each other in every respect. P\ can lead to a violation of the Bell inequality, 
but P2 never can (Jabs [1996]). The Copenhagen interpretation prescribes the use 
of the same formula Pi in both cases. 

There is one possible exception, namely pairs of particle and antiparticle. These 
are dissimilar, and no symmetrization postulate applies. Nevertheless, in the 
mathematical treatment of electron-positron scattering in quantum electrodynamics 
virtual-annihilation terms appear, and due to the 'substitution law' these terms have 
the same mathematical structure as exchange terms, that is, effects of symmetriza- 
tion and hence coalescence (Bjorken and Drell [1964], Jauch and Rohrlich [1976]). 
We expect that this carries over to any particle-antiparticle pair, and therefore we 
anticipate that in such pairs coalescence and hence EPR correlations may occur. 

(b) Even for systems of similar particles the Copenhagen and the realistic inter- 
pretation here presented differ in some experimental predictions. For example, the 
wavepacket Vl/sA(<E:b &2, t), when it expands from the place O of interaction towards 
the apparatuses A and B, may interact with other wavepackets around. There may 
thus occur some unobserved spurious scattering events with the effect that ^sa is 
modified before it reaches A or B so that the correlations between the results at A 
and at B are decreased. Now, in the realistic interpretation these scattering events 
may have the additional effect of splitting the packet ^sa, and this leads to an 
additional decrease in the correlations. In the Copenhagen interpretation this split- 
ting does not occur since here the splitting is connected with a reduction, and the 
reduction occurs only in the measurement in apparatus A or B. The decrease in the 
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correlations is thus stronger in the realistic than in the Copenhagen interpretation. 

One could study this decrease by putting a variable amount of material between 
the place O of interaction and the apparatus A (or B) or by varying the distance OA 
in the case that there is 'vacuum' (i.e. a rarefied gas) between O and A. Unlike the 
experiment in (a), this type of experiment does not allow a quantitative prediction 
since the details of the splitting interactions are unknown at present. Reversely, one 
could use the observed deviations from the predictions of the Copenhagen quantum 
mechanics in this situation to specify the splitting interactions. Experiments with 
variation of the distance OA have been performed with photon pairs from e + e~ 
annihilation. Faraci et al. [1974] reported a change in the correlations, whereas 
the later experiments (Wilson et al. [1976]; Bruno et al. [1977]) did not detect any 
significant change. One might, however, suspect that the considered distances of less 
than 2.5 m were not large enough. Experiments with a variable amount of material 
interposed between O and A have also been proposed by Jauch ([1971], p. 38). To 
my knowledge they have not been performed so far. 
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Note added when posting the paper on the arXiv 

The original text is left unaltered, except that a few typographical errors have been 
corrected and the preprint version Jabs [1991] has been replaced by the published 
version Jabs [1996]. 

In the original text a system of wavepackets that have coalesced is in turn re- 
garded as a wavepacket, with internal structurelessness. As already stated in Jabs 
[1996, Section 3 and Ref. 130] this is no longer upheld because of the possible exis- 
tence of dynamical interactions between the coalesced wavepackets and of the identi- 
fication of wavepackets with degrees of freedom. The term 'coalesced wavepacket' in 
the text should therefore everywhere be replaced by 'coalesced system'. Coalescence 
is not the same as entanglement. Coalescence is entanglement (unfactorizable pure 
state, Bell nonlocality) that persists even if the constituent wavepackets no longer 
spatially overlap. 

A thesis of my paper is that coalescence is possible only between identical 
wavepackets and that entanglement between non-identical wavepackets ends (apart 
from reduction) when there is no longer overlap. Although the demonstration that 
a realist wavepacket interpretation is possible does not depend on that thesis, to the 
best of my knowledge there is no paper where it has been refuted; that is, there is no 
loophole- free demonstration of a violation of the Bell inequalities between elementary 
particles of different kind whose wave functions at the moment of the measurement 
do not overlap or are not connected by a chain of entangled wavepackets. 
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